Erythropoietin (EPO) is the major regulator of mammalian erythropoisis, which stimulates the growth and differentiation of hematopoietic cells through interaction with its receptor (EPO-R). Here we use HEL cells (a human erythro-leukemia cell line) as a model to elucidate the pathway of signal transduction in the EPO-induced HEL cells. Our data show that the EPOR (EPO receptor) on the surface of HEL cells interacts with the Janus tyrosine protein kinase (Jak2) to transduce intracellular signals through phosphorylation of cytoplasmic proteins in EPO-treated HEL cells. Both STAT1 and STAT5 in this cell line are tyrosine-phosphorylated and translocated to nucleus following the binding of EPO to HEL cells. Furthermore, the binding of both STAT1 and STAT5 proteins to specific DNA elements (SIE and PIE elements) is revealed in an EPO-dependent manner. Our data demonstrate that the pathway of signal transduction following the binding of EPO to HEL cells is similar to immature erythroid cell from the spleen of mice infected with anemia strain of Friend virus.
INTRODUCTION
The proliferation and differentiation of hematopoietic cells are regulated by growth factors or cytokines through binding to specific membrane receptors of their target cells [1] . Erythropoietin (EPO), a 34 kD glycoprotein, is the principal growth factor regulating proliferation and differentiation of erythroid progenitors and exerts its action by the activation of receptors on the surface of these cells [2] . The genes encoding EPO and EPO receptor (EPOR) have been isolated, and the relationship between their structure and function has been extensively studied [3] . EPOR is a member of the superfamily of cytokine receptors that includes receptors for granulocyte colony-stimulating factor(G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), the interleukins (ILs) , growth hormone(GH), and prolactin(PRL) [4, 5] .
Activation of the EPOR triggers a cascade of phosphorylation/dephosphorylation reactions that are believed to be essential to EPO's signal transduction [6, 7] . Although the receptors of cytokines (such as EPO and IL3) lack intrinsic protein tyrosine kinase (PTK) activity, they can rapidly induce the phosphorylation of cytoplasmic proteins such as Jaks(Janus tyrosine protein kinases) and STATs. Jaks were found to play important roles in the transduction of intracellular signals [8] . Up to now, four Jaks (Jak1, 2, 3, and Tyk2) and eight STATs (STATlα, STAT1β, STAT2, 3, 4, STAT5A, have been cloned and have been linked to the signal transduction pathways of individual cytokine [10] .
Treatment of cells with IL-6, EGF (Epidermal Growth Factor) or PDGF (Platelet Derived Growth Factor) led to tyrosine phosphorylation of STAT1 or related proteins and the phosphorylated STAT1 can specifically bind to SIE (sis-inducible element or serum-inducible element) [11] . Previous studies demonstrated that EPO induced activation of STAT5 through Jak2 in progenitor cells and other cell lines such as BaF3, HCD57 cells, which were transfected with EPOR cDNA or infected by Friend Virus (FVA), respectively [12] . But little has been known about the signal transduction pathway in EPO-induced human erythroleukemia cells (such as HEL and K562 cells).
In this study we intend to reveal the signal transduction pathway in EPO-induced HEL cells, which possess endogenous EPOR, although previous studies have shown that there are only several decades of EPOR on the membrane of each HEL cell. These EPO receptors might be low affinity receptor, however, they still could respond to EPO stimulation. Our data demonstrate that EPO activates Jak2 and STAT5 in HEL cells. These results are much similar to those obtained from other cell lines and the erythroid progenitors [12] . In addition, our data reveal that EPO not only activates STAT5 but also activates STAT1 in EPO-induced HEL cells. Furthermore, the binding abilities of both STAT1 and STAT5 proteins to specific DNA elements are demonstrated.
STAT1 involved in EPO-induced HEL cells

MATERIALS AND METHODS
Materials
Mouse monoclonal antibody of phosphotyrosine, the rabbit polyclonal antibodies (such as Jak1, Jak2, STAT1, STAT5), the related secondary antibodies (including HRP-conjugated sheep antirabbit and sheep anti-mouse immunoglobulin G) and protein A/G plus agarose beads were purchased from Santa Cruz Biotech. Protein molecular weight markers were purchased from Bio-Rad and Dalton company. The recombinant EPO was purchased from Kirin brewery company.
Cell Culture HEL cells were maintained in RPMI-1640 medium (GIBCO-BRL) supplemented with 10% newborn calf serum, streptomycin (100 μg/ml), penicillin (100 units/ml) and glutamin (2 mM ). Before experiments HEL cells (control group and experimental group) were deprived of serum for 18 h. For induced expeciments HEL cells were induced with EPO (10 units/ml) for 20 min.
The preparation of nuclear and cytoplasmic extracts Nuclear and cytoplasmic extracts were prepared as described previously [14, 15] . The protein concentration was determined according to Bradford's method.
Immunoblotting (Western blot analysis)
The nuclear and cytoplasmic extracts were prepared from EPO-treated and EPO-untreated HEL cells. The appropriate proteins were separated by SDS -PAGE and transferred to Hybond-C membranes (Amersham). The membranes were blocked in TBST buffer (10 mM Tris. HCl pH 7.6, 150 mM NaCl and 0.1% Tween-20) with 5% nonfat milk (for regular Western blot assay) or with 1% BSA plus 1% nonfat milk (for detecting phosphotyrosine), then they were successively incubated with primary antibodies and HRP-labeled secondary antibodies for 2 h. Finally the membranes were detected with ECL (Amersham).
Immunoprecipitation with agarose conjugated antibodies 10 μl (0.1μg/μl) of primary antibodies were added to 500 μl of diluted nuclear or cytoplasmic extracts and incubated for 1 h at 4℃, then 20 μl of protein A/G plus agarose beads were added and the mixture was rolled overnight at 4℃. The beads were washed for 4 times with RIPA buffer (1 X Phosphorylated buffered solution, 1% NP 40, 0.5% Sodium deoxycholate, 0.1% SDS, 0.1 mM PMSF and 1 mM Na 3 VO 4 ). Agarose beads were collected by microcentrifugation for 5 min at 4 ℃and aspirated. 40 μl of 1 × electrophoresis sample buffer was added to the agarose beads and boiled for 3 min. Finally, the immunoprecipitated proteins were separated on SDS-PAGE gels.
The probe labeling
The probes were labeled withγ-32 P-ATP for gel mobolity shift assay (GMSA) and Southwestern blot assay.
The gel mobility shift assay (GMSA) [16] GMSAs were performed as previously described. The STAT1α/β specific binding sequence SIE (sis inducible element: 5'-GTG CAT TTC CCG TAA ATC TTG TCT ACA-3'), and the STAT5 specific binding sequence PIE (protactin inducible element: 5'-GGA CTT CTT GGA ATT AAG GGA-3') were used as probes. 8 μg of nuclear extracts and 6 μg of cytoplasmic proteins were incubated with or without unlabeled competitive oligonucleotides at 4℃ for 2 h. The positive control region (PCR) of human β -globin gene (5'-ACT GAT GGT ATG GGG CCA AGA GAT ATA TC-3') was used as a non-specific competitive oligonucleotide.
Southwestern blot assay[17]
The nuclear extracts were separated by 10% SDS -PAGE. The proteins were transferred from gel to membrane (Hybond-C) in the transfer buffer (glycine 39 mM, Tris base 48 mM, SDS 0.037%, methanol 20%) for 12 h at 4℃. The membrane was blocked in Blotto (10 mM Tris. HCl pH 8.0, 5% non-fat milk) for 1 hour at 4℃, then was incubated with the labeled probe in the binding buffer (10 mM Tris HCl pH 8.0, 50 mM NaCl, 10 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 0.25% non-fat milk) for 3 h at 4℃. Finally washed with binding buffer and autoradiographed.
RESULTS
The nuclear and cytoplasmic proteins isolated from EPO-induced HEL cells were highly tyrosine-phosphorylated Both nuclear and cytoplasmic proteins were prepared from EPO-induced and uninduced HEL cells and their phosphorylation was examined by using monoclonal antibody of phosphotyrosine. Our data showed that the nuclear and cytoplasmic proteins prepared from EPO-induced HEL cells were highly tyrosine phosphorylated (Fig 1, Lanes 1 and 3 ). However, tyrosine-phosphorylation in both nuclear and cytoplasmic proteins could not be detected in uninduced HEL cells (Fig 1, lanes 2 and  4) . Furthermore, tyrosine-phosphorylated proteins in the cytoplasm of the EPOstimulated HEL cells were more than that in the nucleus of the same cells (Fig 1,  lanes 3 and 1) .
EPO-dependent Jak2 tyrosine phosphorylation
To reveal whether the Jaks may be involved in signaling transduction pathway in STAT1 involved in EPO-induced HEL cells EPO-induced HEL cell, cytoplasmic extracts isolated from EPO-induced and uninduced HEL cells were immunoprecipitated with the agarose conjugated polyclonal antibodies of Jakl and Jak2. Our data showed that the tyrosine residues of Jak2 (130 kD) were phosphorylated after HEL cells were induced with 10 units of EPO for 20 min (Fig 2A, Lane 2) . However, Jak2 was not tyrosine-phosphorylated in the uninduced HEL cells (Fig 2A, Lane 1) . In addition to Jak2, there were several tyrosine-phosphorylated proteins in the EPO induced HEL cells, suggesting that other cytoplasmic proteins might be activated by EPO (Fig 2A, Lane 2) . On the other hand, the cytoplasmic proteins immunoprecipitated by Jakl antibodies did not show the 135 kD protein band of tyrosine phosphorylation (Fig 2B, Lanes 1 and 2). Our data thus demonstrated that Jakl could not be activated in EPO-induced HEL cells. However, several other tyrosine-phosphorylated bands could be detected in the cytoplasmic extracts of EPO-induced HEL cells except Jakl ( Fig 2B, lane 1) . These results inferred that EPO stimulation might result in phosphorylation of Jiang C et al. other proteins, which could bind to Jak1. All these results revealed that the effect of EPO on HEL cells was coupled with Jak2, not Jak1; and the activation of Jak2 was dependent on the interaction between EPO and EPOR in HEL cells.
STAT 1 and STAT5 were tyrosine-phosphorylated and translocated to nucleus in EPO-induced HEL cells
We observed that both STAT1 and STAT5 were tyrosine phosphorylated in the cytoplasm of HEL cells after these cells were induced by EPO (Fig 3A, Lane 2 and Fig 4A, Lane 1) . Both STAT1 and STAT5 proteins were also detectable in the nucleus of EPO induced HEL cells (Fig 3B, Lane 2, 3 and Fig 4B, Lane 2) . Other STAT proteins such as STAT3 could not be detected in the nucleus of induced HEL cells (data not shown). Our results showed that EPOR, Jak2, STAT proteins might be involved in response to the stimulation of EPO in HEL cells, and suggested that both STAT1 and STAT5 were tyrosine phosphorylated following the binding of EPO to HEL cells and then translocated to nucleus.
Characterization of EPO-dependent STAT1 and STAT5 DNA binding activity
Penta et al and Sawyer et al observed that EPO could activate STAT1 and STAT5 in immature erythroid cells prepared from the spleen of CD2F1 mice infected with the anemia-inducing strain of Friend Virus (FVA cells) [11, 18] . Furthermore, they demonstrated that STAT1 could bind to both PIE and SIE elements, STAT5 could only bind to PIE element. However, other workers showed that EPO could only activate STAT5 in the erythroid progenitors and leukemia cell line such as HCD57 cells [19] . To elucidate the mechanism of activation in EPO-induced HEL cells, gel mobility shift assays were performed by using SIE (the sis inducible element) and PIE (the prolactin inducible element) sequences as probes. When labeled SIE was used as a probe, no shift band was detected in the uninduced HEL cells (Fig 5, Jiang C et al. by PIE element (Fig 6, lane 4) , but could not be competed by SIE element and nonspecific oligonucleotide PCR (Fig 6, Lane 5 and 6 ).
To further analyze the binding activities of STAT proteins, the cytoplasmic extracts were also examined by gel mobility shift assays. We found that there was only one band detected in EPO-induced HEL cells either by using SIE (Fig 7, Lane  3) or by using PIE as probes (Fig 8, Lane 3) . The cytoplasmic extracts from the Lane 2). However one major shift band (band A) was revealed in EPO-induced HEL cells (Fig 5, Lane 3) . Clearly, this band represents the binding of tyrosine phosphorylated STAT1 to SIE sequence, since in the competitive assay, band A could be competed by both PIE and SIE sequences (Fig 5, Lanes 4 , 5 and 6) and it could not be competed by nonspecific oligonucleotide (PCR). However, band B could be competed by PCR (Fig 5, Lane 7) , and therefore, this band might represent a nonspecific binding protein. When labeled PIE was used as probe, there was one shift band detected in the nuclear extracts of EPO-induced HEL cells (Fig 6, Lane  3) and no band could be detected in the nuclear extracts isolated from uninduced HEL cells (Fig 6, Lane 2) . In the competitive assay, this band could completely be competed control HEL cells deprived of serum could not form any complex with SIE or PIE probes (Fig 7, Lane 2 and Fig 8, Lane 2) . Using SIE element as a probe, the band could be competed by both SIE and PIE (Fig 7, Lanes 4 and 5). But could not be competed by PCR (Fig 7, Lane 6 ). Using PIE element as a probe, the band could be competed by unlabeled PIE element, (Fig 8, Lanes 4 and 6 ), but could not be competed by unlabeled SIE (Fig 8, Lane 5) . These results further confirm that STAT1 can bind to both PIE and SIE elements, since STAT5 can only bind to PIE element, but not to SIE sequence.
STAT1 involved in EPO-induced HEL cells
Taken together, all these results revealed that tyrosine-phosphorylation is necessary for the activation of both STAT1 and STAT5 binding abilities.
The SIE and PIE binding proteins were tyrosine-phosphorylated STAT1 and STAT5
To confirm the molecular weight of DNA binding proteins in the gel mobility shift assays, Southwestern blot assays were performed. No band could be detected by using labeled SIE element as a probe with the nuclear extracts of uninduced HEL cells (Fig 9, Lane 1 ). However, with nuclear extacts from EPO-induced HEL cells, one specific band could be detected which represented tyrosine-phosphorylated STAT1 protein (including STAT1αand STAT1β) based on its molecular weights (84/91 kD, Fig 9, lane 2) . Similarly, by using labeled PIE element as a probe, the 95kD phosphorylated STAT5 binding protein was obvious (Fig 10, Lane 3) . These results were consistent with the result of competitive GMSA, and both STAT5 and STAT1 were activated in EPO-treated HEL cells. With respect to other bands in Fig 10, we suggested that they might represent fragments spliced from STAT5 or some unknown proteins activated by EPO and could weakly bind to PIE probe. Our results also demonstrated that the PIE binding activities following EPO induction for 20 minutes were stronger than that for 10 minutes EPO-induction (Fig 10, Lanes  2 and 3 ).
Jiang C et al. Miruo et al (1994) demonstrated that Janus tyrosine protein kinases (Jak2) might be associated with the EPO receptor following the binding of EPO. With HEL cells (a human erythroleukemia cell line) as a model to elucidate the molecular mechanism involved in the induction of EPO, the present data demonstrated that both cytoplasmic and nuclear proteins were highly tyrosine-phosphorylated in EPO induced HEL cells and Jak2, but not Jak1, was tyrosine-phosphorylated. Moreover, it is probable that phosphorylated tyrosine of EPO receptor could bind to Jak2. However, Jak1 might be associated with some tyrosine-phosphorylated cytoplasmic proteins that were coprecipitated by antibody of Jak1. This is why we can detect several tyrosine phosphorylated proteins in EPO-induced HEL cytoplasm by using the antibody of Jak1 (Fig 2 B, Lane 1) . In addition, the cytoplasmic proteins such as STAT1 and STAT5 are also tyrosine-phosphorylated following the Jak2 activation.
DISCUSSION
Previous studies showed that STAT1 and STAT5 could be activated in the immature erythroid progenitors prepared from spleen of CD2F1 mice infected with Friend Virus following the induction of EPO [11, 18] . However, other studies with erythroid and non-erythroid cells transfected with EPOR cDNA just showed that STAT5 was tyrosine phosphorylated by the stimulation of EPO [19] . Our results firmly demonstrated that EPO could activate STAT1 as well as STAT5 in EPO-induced HEL cells, in which tyrosine residues were phosphorylated and the activated STAT proteins were translocated from cytoplasm to nucleus, whereby displaying their binding abilities to specific SIE and PIE elements respectively. Interestingly, the activated STAT1 and STAT5 could exist in both cytoplasmic and nuclear extracts at the same time. So, it seems that the activation and translocation might be proceeded at the same time.
In order to test the presence of activated STAT1 protein in the nuclear extract of EPO-induced HEL cells, GMSA was performed by using labeled SIE as a probe. The results indicated that there was a band of specific STAT1-SIE complex (band A, Fig 5, Lane 3 ) which could be completely competed by both SIE and PIE elements, but not by non-specific PCR oligonucleotides. However, in the same figure, there was a weaker band (band B) which could be competed partially by SIE and PIE elements and completely by PCR oligonucleotides. This result is difficult to explain, but we have the opinion that it may be due to the presence an unknown nuclear protein which could directly or indirectly bind to multiple elements.
